Silicate Composition of the Interstellar Medium by Fogerty, Shane et al.
ar
X
iv
:1
60
8.
06
98
7v
1 
 [a
str
o-
ph
.SR
]  
24
 A
ug
 20
16
DRAFT VERSION OCTOBER 2, 2018
Preprint typeset using LATEX style emulateapj v. 5/2/11
SILICATE COMPOSITION OF THE INTERSTELLAR MEDIUM
S. FOGERTY1, W. FORREST1, D. M. WATSON1, B. A. SARGENT2, AND I. KOCH1,3
1Department of Physics and Astronomy, University of Rochester, Rochester, NY 14627, USA; sfogerty@pas.rochester.edu
2Center for Imaging Science and Laboratory for Multiwavelength Astrophysics, Rochester Institute of Technology
54 Lomb Memorial Drive, Rochester, NY 14623, USA
3Department of Earth & Planetary Sciences, Washington University, St. Louis, MO 63130, USA
Draft version October 2, 2018
ABSTRACT
The composition of silicate dust in the diffuse interstellar medium and in protoplanetary disks around young
stars informs our understanding of the processing and evolution of the dust grains leading up to planet for-
mation. Analysis of the well-known 9.7µm feature indicates that small amorphous silicate grains represent a
significant fraction of interstellar dust and are also major components of protoplanetary disks. However, this
feature is typically modelled assuming amorphous silicate dust of olivine and pyroxene stoichiometries. Here,
we analyze interstellar dust with models of silicate dust that include non-stoichiometric amorphous silicate
grains. Modelling the optical depth along lines of sight toward the extinguished objects Cyg OB2 No. 12 and
ζ Ophiuchi, we find evidence for interstellar amorphous silicate dust with stoichiometry intermediate between
olivine and pyroxene, which we simply refer to as “polivene.” Finally, we compare these results to models of
silicate emission from the Trapezium and protoplanetary disks in Taurus.
Subject headings: (ISM:) dust, extinction — infrared: stars — protoplanetary disks — stars: pre-main sequence
— stars: variables: T Tauri, Herbig Ae/Be
1. INTRODUCTION
Studies of the dust in the interstellar medium (ISM) and in
protoplanetary disks informs studies of the evolution of pro-
toplanetary disks toward planetary systems. The dust in the
ISM becomes the raw material of protoplanetary disk solids,
which undergo processing during accretion disk evolution. In
this way, the dust composition of the ISM and protoplanetary
disks probe key phases leading up to planet formation. T Tauri
star (TTS) disks show spectral features of dust in emission at
infrared wavelengths observable by the Infrared Spectrograph
(IRS; Houck et al. 2004) onboard the Spitzer Space Telescope
(Werner et al. 2004). Some studies (e.g. Przygodda et al.
2003; Kessler-Silacci et al. 2005, 2006; Watson et al. 2009)
have characterized disks’ dust content using spectral diagnos-
tics such as spectral indices, which are measurements of flux
ratios between wavelengths chosen to focus on the “contin-
uum” between strong silicate features. Studies such as that
by Sargent et al. (2006, 2009a) characterize the dust in these
disks through modelling disk emission in IRS spectra using
theoretical and laboratory measured dust grain optical prop-
erties. With this approach, it is very important to ensure that
the dust opacities used in the model are not only precise, but
also representative of the actual dust in protoplanetary disk
environments.
Silicate dust is of great interest to astronomers due to its
prevalence in many different astrophysical environments, in-
cluding the ISM, protoplanetary disks around young stars
(e.g., TTSs, Herbig Ae/Be stars), evolved stars (e.g., asymp-
totic giant branch stars, red supergiant stars), massive stars
(e.g., supergiant B[e] stars), and even the immediate envi-
rons of active galactic nuclei (ULIRGS and quasars). The
broad ∼10µm and ∼20µm resonances of silicate dust cause
increased extinction in the ISM near these wavelengths. In
protoplanetary disks, the silicate dust in the relatively warmer
outer layer of the disk gives rise to spectral emission features.
While the silicate dust in the ISM is almost entirely in amor-
phous forms (see Mathis 1990, Li & Draine 2001, Kemper
et al. 2004, 2005), the spectra of protoplanetary disks and
Herbig AeBe stars also show evidence of more sharp, nar-
row emission features (henceforth “fine structure”), indicat-
ing crystalline silicate dust in addition to amorphous silicates
(see Bouwman et al. 2001, Forrest et al. 2004, van Boekel
et al. 2004, Sargent et al. 2006, 2009a, Sicilia-Aguilar et al.
2007, Watson et al. 2009). The smooth infrared spectral fea-
tures near 10µm and 20µm indicate the presence of amor-
phous silicate dust, typically modelled as silicate grains of
olivine and pyroxene stoichiometries. In their modelling, Sar-
gent et al. (2006, 2009a) include three crystalline silicate dust
components as well as amorphous silicates of both pyroxene
and olivine stoichiometry. In these models, each dust compo-
nent must be carefully selected, since silicate dust grains can
come in a wide variety of size and shape distributions.
While amorphous silicate dust grains in astrophysical con-
texts are typically modelled assuming a pyroxene or olivine
stoichiometry, presolar dust grains embedded in primitive
meteorites suggest that this dust is often non-stoichiometric.
Models of the nature and composition of dust in the ISM can
be informed by presolar grains found in meteorites and in-
terplanetary dust particles. Analysis of the oxygen isotopic
compositions of these presolar grains shows that they were
formed in supernovae, red giant branch stars, and asymptotic
giant branch stars (Choi et al. 1998, Nittler et al. 1997, Nit-
tler et al. 1998). The presolar grains traversed the ISM, even-
tually becoming a part of the forming solar system, where
some were preserved in meteorites. Studies have found preso-
lar silicate grains with stoichiometry intermediate between
olivine and pyroxene (Bose 2011, Bose et al. 2012, Floss
& Stadermann 2009, Stadermann et al. 2009, Vollmer et al.
2009). Models using interstellar and protoplanetary dust
should consider amorphous grains of intermediate stoichiom-
etry between olivine and pyroxene, given the meteoritic evi-
dence for non-stoichiometric amorphous silicates from preso-
lar grains.
Studies using the spectra of the dusty emission surrounding
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Figure 1. Spectral Energy Distribution for Cyg OB2 No. 12. The Spitzer IRS spectrum is shown in red. The solid line represents the stellar flux, using a Kurucz
stellar atmosphere model given the spectral type from Humphreys 1978. A free-free emission component (corresponding to a wind) proportional to ν0.6 was
added for wavelengths >1µm so that the free-free component is 10% of the stellar flux at 8µm. Solid symbols denote photometry corrected for extinction, while
open symbols have no correction applied. Photometry from Caballero-Nieves et al. 2014 (V, triangle), 2MASS (J, H, Ks; circle), AKARI (9 and 18µm; diamond),
MSX (square), IRAS (12 and 25µm; x), and MIPS (24µm; plus) are shown.
the Trapezium, as well as the extinction profile toward objects
like Cyg OB2 No. 12 and ζ Oph, inform our understanding of
the composition of interstellar dust. Work by Gillett & Stein
(1969) and Gillett & Forrest (1973) showed the Trapezium
spectrum at near-infrared wavelengths was consistent with
emission from silicate dust grains. Draine & Lee (1984) based
their derivation of “astronomical silicate” optical properties in
part on the 8-13µm Trapezium spectrum. Cyg OB2 No. 12,
a very luminous B5 hypergiant star at roughly 1.7 kpc dis-
tance (Torres-Dodgen et al. 1991, Humphreys 1978), is also
a heavily extinguished (AV = 10.2) object. In combination,
these qualities make Cyg OB2 No. 12 excellent for studying
extinction caused by dust in the diffuse ISM (Whittet 2015).
Consequently, several studies have used the extinction toward
Cyg OB2 No. 12 at infrared wavelengths to infer details of the
composition of dust in the diffuse ISM (Rieke 1974, Gillett
et al. 1975, Roche & Aitken 1984, Sandford et al. 1995, Whit-
tet et al. 1997, Bowey et al. 1998, 2004). Similarly, the line
of sight toward ζ Oph, a well-studied bright O9.5 star with
AV ∼ 1 (Cardelli et al. 1989), is considered representative of
diffuse interstellar cloud material (Savage & Sembach 1996).
In this study, we also use Cyg OB2 No. 12 and ζ Oph as
probes of the dust in the interstellar medium. We use stellar
atmosphere models and extinction measurements to estimate
the optical depth along sight lines toward these objects, then
model this optical depth using a suite of various silicate dust
opacities to investigate the amorphous dust composition of the
diffuse ISM. We also present and compare spectral modelling
of the silicate emission from the Trapezium and several pris-
tine spectra of protoplanetary disks. The results of these mod-
els are compared and their implications for dust composition
are discussed.
2. OBSERVATIONS AND DATA REDUCTION
Cyg OB2 No. 12 was observed using the Infrared Spec-
trograph (IRS) on the Spitzer Space Telescope on 2008 Au-
gust 6 (PI: David Ardila, AOR 27570176). It was observed
using the Short-Low (SL) module in all orders (5.2-14µm)
as well as the second order of Long-Low (LL) module (14-
21.3µm). The observations were performed in Spitzer’s star-
ing mode following a Pointing Calibration and Reference
Sensor (PCRS) peak-up observation, which is described in
detail by Houck et al. (2004). Earlier observations taken on
2004 October 10 (PI: Neal Evans, AOR 9834496) included
the first order of LL (19.5-38µm), and we include these data
as part of the spectral energy distribution (SED) in Figure 1.
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Figure 2. Spectral Energy Distribution for ζ Oph. The Spitzer IRS spectrum is shown in red. The solid line represents the stellar flux, which is a Planck function
with an effective temperature of 34,300 K fit to extinction-corrected photometry at the V band. Solid symbols denote photometry corrected for extinction, while
open symbols have no correction applied. Photometry is shown from Herbig 1968 (V; triangle), Whittet & van Breda 1980 (J, H, K; circle), WISE (3.4, 4.6, 12,
and 22µm; square), IRAC (3.6 and 4.5µm; plus), MIPS (24µm; plus), and AKARI (9 and 18µm; diamond).
The SED presented in Figure 1 also includes photometry from
2MASS, IRAC, MIPS, WISE, and V-band photometry from
Caballero-Nieves et al. (2014). ζ Oph was observed with the
IRS with the SL and LL modules on September 10 2008 (PI:
David Ardila, AOR 27582976) using Spitzer’s staring mode
following a (PCRS) peak-up observation. The SED of ζ Oph
in Figure 2 presents the infrared spectrum as well as V-band
photometry from Herbig (1968) and near-infrared photometry
from Whittet & van Breda (1980).
Observations of the Trapezium presented by Forrest et al.
(1975) at 8-13µm are combined with a spectrum at 16-38µm
from Forrest et al. (1976). The 16-38µm spectrum corrects for
some emission from the Kleinman-Low nebula as described
in Forrest et al. (1976). This combination of Trapezium spec-
tra was presented by Sargent et al. (2009a) and used to test
modelling of silicate emission from protoplanetary disks. We
refer the reader to the original papers for observational details.
Observations and data reduction methods for the spectra of
five protoplanetary disk spectra of deemed amorphous silicate
exemplars in Sargent et al. (2009a) are described in detail in
Furlan et al. (2006).
The spectra for Cyg OB2 No. 12 and ζ Oph were down-
loaded from the Cornell Atlas of Spitzer IRS Sources (CAS-
SIS v7; Lebouteiller et al. 2011), using the recommended op-
timal extraction. We note the IRS spectrum of Cyg OB2 No.
12 exhibits Pfund α and Humphreys α emission lines, likely
from a stellar wind. Figure 1 shows the final reduced spectrum
for Cyg OB2 No. 12, for which the uncertainties are typically
one percent or less in the crucial 10µm region. Infrared pho-
tometry shows good agreement with the IRS spectrum. Good
agreement is found between this spectrum and that of Cyg
OB2 No. 12 from the Spitzer Atlas of Stellar Spectra (SASS;
Ardila et al. 2010). For the spectrum of ζ Oph, The first or-
der of the SL module was scaled by a factor of 1.03 to match
the flux density of adjacent modules. The spectrum exhibits
relatively smaller signal-to-noise than that for Cyg OB2 No.
12, especially at longer wavelengths. Figure 2 shows the final
reduced spectrum for ζ Oph.
3. MODELLING
3.1. Underlying Flux of Extinguished Stars
We model the flux from the supergiant star Cyg OB2 No. 12
using a model atmosphere from Castelli et al. (1997). We used
a model atmosphere with an effective temperature of 13,000
K, turbulent velocity of 2 km s−1, and log(g) of 2.5 as used
by Bowey et al. (2004). Using the Kurucz model for the as-
sumed intrinsic colors of Cyg OB2 No. 12 and taking the
ratio of AJ/AKs from the RV = 3.1 curve from Mathis (1990),
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we compared the observed J-Ks color to the intrinsic color to
derive an extinction correction for the J band. From the ex-
tinction at J we inferred extinction corrections at H and Ks
using the Mathis extinction curve for RV = 3.1. Through this
method we estimate AJ = 3.3. This extinction estimate corre-
sponds to AV = 11.1, also using the Mathis RV = 3.1 extinc-
tion curve. This is close to previous estimates, considering
the uncertainty in the infrared extinction estimate and its un-
certain relation to extinction at visible wavelengths. The Ku-
rucz model atmosphere flux was fit to the extinction-corrected
2MASS Ks flux, as shown in Figure 1. We included a free-free
emission component to this model with Fν proportional to ν0.6
as in Bowey et al. (2004), and tested our model’s dependence
on this by varying the strength of this free-free emission from
0-20% of the total flux at 8µm. The free-free component
becomes increasingly important at longer wavelengths since
the star’s spectrum is close to Rayleigh-Jeans (proportional to
ν2) at longer wavelengths. The strength of free-free emission
did not significantly impact the resulting comparison between
model fits with and without including silicates of intermediate
composition in this model. Photosphere emission from ζ Oph
was approximated as a simple blackbody. A Planck function
with an effective temperature of 34,300 K (Howarth & Smith
2001) was fit to the photometry in the V-band after correcting
for one magnitude of visible extinction. This extinction cor-
rection was estimated by comparing the observed B-V color
from Moffett & Barnes (1979) to intrinsic color of a typical
O9.5 V star (Pecaut & Mamajek 2013). The SED for ζ Oph
is shown in Figure 2.
3.2. Extinction and Opacity Model
The ISM dust extinction optical depth is modelled as:
τ (λ) = ln(Fstellar(λ)/Fobs(λ)) (1)
where τ (λ) is the optical depth at a given wavelength, and
Fobs(λ) and Fstellar are the observed and assumed stellar flux
at that wavelength, respectively. The “stellar” flux includes
the Kurucz model atmosphere flux and any free-free emis-
sion assumed. Given this estimate of optical depth, our model
finds the best fit to this derived optical depth as the sum of
various amorphous and crystalline silicate dust opacities. Our
model minimizes χ2 to find the best fit to the spectrum us-
ing the opacities of various silicate dust grains as compo-
nents. The model components include opacities for amor-
phous silicate grains of olivine, pyroxene, and intermediate
(“polivene”) stoichiometry as well as three crystalline silicate
opacities (forsterite, enstatite, and silica). As described in de-
tail in Sargent et al. (2006, 2009a), opacities for small grains
are calculated assuming grain shapes with a modified con-
tinuous distribution of ellipsoid shapes (CDE2, Fabian et al.
2001). Opacities for large amorphous grains are calculated
using Bruggeman Effective Medium Theory and Mie Theory
(Bohren & Huffman 1983), using a vacuum volume fraction
of f = 0.6 for porous spherical grains of radius 5µm. We add
a “continuum” opacity to the model to represent sources of
opacity that have little wavelength dependence over the mod-
elled wavelength range. The optical depth as a function of
wavelength is modelled using the following equation:
τ (λ) = C +
∑
i
αiκi(λ) (2)
where τ (λ) is the optical depth at a given wavelength, C is
a constant used as a first order approximation of a “contin-
Table 1
Silicate dust in our models
Name Abbrev. Description
Small
Amorphous
Polivene
SmPoli
Optical constants for amorphous silicate
of Mg1.5SiO3.5 composition from Jäger
et al. (2003), assuming CDE2 (Fabian
et al. 2001)
Large
Amorphous
Polivene
LgPoli
Optical constants for amorphous sili-
cate of Mg1.5SiO3.5 composition from
Jäger et al. (2003), using the Bruggeman
EMT and Mie theory (Bohren & Huff-
man 1983) with a vacuum volume frac-
tion of f = 0.6 for porous spherical grains
of radius 5µm
Small
Amorphous
Olivine
SmOl
Optical constants for amorphous olivine
MgFeSiO4 from Dorschner et al.
(1995), assuming CDE2 (Fabian et al.
2001)
Large
Amorphous
Olivine
LgOl
Optical constants for amorphous olivine
MgFeSiO4 from Dorschner et al.
(1995), using the Bruggeman EMT and
Mie theory (Bohren & Huffman 1983)
with a volume fraction of vacuum of f =
0.6 for porous spherical grains of radius
5µm
Small
Amorphous
Pyroxene
SmPy
Optical constants for amorphous pyrox-
ene of cosmic composition from Jaeger
et al. (1994), assuming CDE2 (Fabian
et al. 2001)
Large
Amorphous
Pyroxene
LgPy
Optical constants for amorphous pyrox-
ene of cosmic composition from Jaeger
et al. (1994), using the Bruggeman EMT
and Mie theory (Bohren & Huffman
1983) with a vacuum volume fraction of
f = 0.6 for porous spherical grains of ra-
dius 5µm.
Enstatite enst
Opacities for clinoenstatite
Mg0.9Fe0.1SiO3 from Chihara et al.
(2002)
.
Forsterite forst
Optical constants for three crystallo-
graphic axes of forsterite, Mg2SiO4,
from Sogawa et al. (2006), assuming
tCDE (Sargent et al. 2009a)
Silica silica Opacity for annealed silica by Fabian
et al. (2000)
uum” opacity, and each κi(λ) is the opacity of a given dust
species, which is scaled by a weighting factor αi. An addi-
tional quadratic continuum was estimated by fitting the lowest
optical depth values surrounding the silicate features, as seen
in Figure 3. As discussed in Poteet et al. (2015), fitting a local
continuum can artificially reduce the optical depth contribu-
tions from non-continuum sources to zero. To avoid setting
the resulting optical depth to zero, but maintain the general
shape of the continuum, we slightly reduce the strength of the
continuum optical depth (see Figure 3). The free parameters
in this model are the weighting factors and strength of the con-
stant “continuum” opacity. As shown in Min et al. 2007 and
Bouwman et al. 2001, fits to just the ∼10µm feature can be
degenerate between properties such as grain shape, size, and
iron content. We therefore choose to simultaneously model
the ∼10µm and ∼20µm silicate features by fitting a wave-
length range of 8-30µm. We also include a model of only
the data from 8-12µm in order to focus on the ∼10µm fea-
ture, avoiding the nearby Pfund α and Humphreysα emission
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Figure 3. Continuum fit to optical depth toward ζ Oph (top) and Cyg OB2 No. 12 (bottom). A quadratic fit is made to the lowest points surrounding the silicate
features, shown as a black line. This fit is lowered as described in the text, shown as a blue line.
features.
3.3. Polivene
The silicate dust components of our model are listed in Ta-
ble 1. Work by Sargent et al. (2006, 2009b,a) determined the
silicate dust types that best fit the features of protoplanetary
disks in star-forming regions like the Taurus-Auriga Molec-
ular Cloud. Since this dust is formed from dust in the ISM,
we use the same opacities in our model. In this work, we also
include amorphous silicate dust with intermediate stoichiom-
etry (Mg1.5SiO3.5) to improve fits to infrared spectral features.
This dust is neither olivine nor pyroxene, but of intermedi-
ate stoichiometry. Though we emphasize that the name does
not refer to any (stoichiometric) mineral, we choose to refer
to it by the simple shorthand “polivene.” Jäger et al. (2003)
uses amorphous silicates with intermediate stoichiometry to
best represent the dust emissivity of the AGB star TY Dra.
Non-stoichiometric grains are found in presolar silicates (see
Nguyen et al. 2007, Nguyen et al. 2010, Vollmer et al. 2009,
and Zhao et al. 2013). Characterizing sub-micron presolar
grains using Auger spectroscopy, Stadermann et al. (2009)
found distinct populations of silicate grains with olivine-like
and pyroxene-like stoichiometries, with some grains span-
ning the gap between the two. Studies by Floss & Stader-
mann (2009) and Bose et al. (2012) find a statistically signif-
icant fraction of presolar amorphous silicate grains with in-
termediate stoichiometry, indicating a distinct population of
these intermediate grains. We therefore consider these non-
stoichiometric amorphous silicates in our models.
Using the optical constants for amorphous silicate of
Mg1.5SiO3.5 composition from Jäger et al. (2003), we cal-
culate opacities for sub-micron grains of polivene composi-
tion assuming a CDE2 (Fabian et al. 2001) shape distribution.
Like the other large amorphous grains in our model, large po-
livene grain opacities are derived using Bruggeman EMT and
Mie theory (Bohren & Huffman 1983) with a vacuum volume
fraction of f = 0.6 for porous spherical grains of radius 5µm.
The opacity as a function of wavelength for small polivene
grains is characterized by the prominent feature peaking at
9.7µm. Compared to both the opacity of small amorphous
olivine and pyroxene in our model, the submicron polivene
opacity has a more sharply peaked 9.7µm feature (see Fig-
ure 4). All three forms of small amorphous silicate opaci-
ties in our model have a strong ∼10µm feature that falls off
more steeply toward shorter wavelengths, while toward longer
wavelengths the peak drops off more gradually. Our model
opacities of small olivine and small pyroxene peak at 10.0µm
and 9.4µm, respectively, while the opacity of small polivene
peaks between these two at 9.6µm. The ∼10µm peak of the
small polivene opacity profile for submicron grains is in some
ways a combination of that of small amorphous olivine and
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Figure 4. Model fit of optical depth toward Cyg OB2 No. 12, fitting only the silicate feature near 10µm. The solid line is the total of the individual components
shown at the bottom. The left fit includes small and large polivene grain opacities as components, which are disallowed in the right model fit. There are six
amorphous silicate components: small and large grain opacities of polivene, olivine, and pyroxene. The three crystalline components are enstatite, forsterite, and
silica. The χ2 per degree of freedom for the fit shown in the continuum-subtracted plots on left and right are 1.8 and 5.6, respectively.
pyroxene, but its narrowness cannot be reproduced by a lin-
ear combination of the opacity profiles of small amorphous
olivines and pyroxenes.
The optical constants for the “polivene” used in our model
are measured from material produced via a sol-gel technique,
formed by an aqueous reaction (Jäger et al. 2003). These re-
actions occur at lower temperatures than the regions around
AGB stars and red supergiant (RSG) stars where major dust
production is thought to occur, as pointed out by Sargent et al.
(2009a). However, the sol-gel method used in earthbound lab-
oratories could potentially create the dust most similar to that
in the ISM, created in different environments, such as AGB
star outflows. Recently, Koch et al. (2016, in prep) and Sar-
gent et al. (in prep) have also found that non-stoichiometric
amorphous silicate opacities improve fits to infrared spectral
features of protoplanetary disk spectra in the Orion Nebula
Cluster (ONC) and L1641, as well as AGB wind spectra, re-
spectively.
3.4. Two-Temperature Silicate Emission Model
The spectrum of the Trapezium was modelled assuming
that its flux is a combination of thermal emission compo-
nents from silicate dust grains and simple blackbodies. The
model used is described in detail by Sargent et al. (2009a).
This model uses two temperatures which represent a warm
component (with warm temperature “Tw”) and cooler compo-
nent (with cool temperature “Tc”) and models the emission as
the sum of emission from two blackbodies of these respective
temperatures, added to emission from optically thin dust in
the warm (at temperature Tw) and cool (Tc) regions:
Fν(λ)mod = Bν(λ,Tc)[Ωc +
∑
i
ac,iκi(λ)]
+Bν(λ,Tw)[Ωw +
∑
i
aw,iκi(λ)]
where Bν(λ,T ) is the blackbody intensity per frequency given
by the Planck function at wavelength λ, Ω is the solid angle
of the corresponding blackbody, and each ai is a mass weight
of a component with opacity given by κi(λ) at wavelength
λ. The simple blackbodies are included to represent opti-
cally thick continuum emission sources such as those from
very large sized grains and amorphous carbon.
We also use this model to fit the spectra of protoplanetary
disks. In fact, it is the same two-temperature silicate emission
model used in Sargent et al. (2009a) previously used to model
protoplanetary disks. For these disks, the model’s warm and
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Figure 5. Model fit of optical depth toward Cyg OB2 No. 12, fit from 8-30µm. The solid line is the total of the individual components shown at the bottom.
The top fit includes small and large polivene grain opacities as components, which are disallowed in the bottom model fit. The silicate components are listed in
Table 1. The χ2 per degree of freedom for the fit shown in the continuum-subtracted plots on top and bottom are 2.8 and 5.3, respectively.
cool temperature components represent the inner and outer
disk, respectively. In this way, the model makes a rough dis-
tinction between emission from optically thin dust in the inner
and outer regions of the disk.
4. RESULTS
4.1. Interstellar Polivene
The modelling of optical depth along lines of sight toward
Cyg OB2 No. 12 and ζ Oph using the infrared opacities of a
suite of silicate dust opacities reveals evidence for interstellar
polivene. The optical depth modelling in both cases is im-
proved by the inclusion of polivene. The models used in each
figure are identical, except for the inclusion of amorphous po-
livene grains in the top models, which improves the model
fit.
In both Cyg OB2 No. 12 and ζ Oph, when polivene is in-
cluded as a component in the modelling, the contribution to
the optical depth is dominated by small amorphous polivene.
Including polivene improves the model fit for Cyg OB2 No.
12 (see Figure 5) from a reduced χ2 value of 5.3 (without
polivene) to a reduced χ2 of 2.8 (with polivene). When just
focusing between 8-12µm, these respective reduced χ2 val-
ues are 5.6 and 1.8 (see Figure 4). An improvement is also
seen in ζ Oph’s model fit improvement from a reduced χ2
value of 3.1 (without polivene) to a reduced χ2 of 1.7 (with
polivene) when fitting from 8-12µm to focus on the ∼9.7µm
feature (see Figure 6). Modelling ζ Oph over a larger wave-
length range of 8-30µm yields an improvement in reduced χ2
from 3.6 to 2.8 after polivene is included (see Figure 7). For
both objects, the optical depth near 10µm is characterized by
a steep increase between 9µm and 9.5µm, and a more grad-
ual decline beyond the peak at ∼9.7µm. This general shape
is reproduced well by the opacity of polivene, leading to a
significant improvement in the model fit.
The two-temperature silicate emission model was used to
analyze the spectrum of the Trapezium. Figure 8 shows the
best fit to the Trapezium spectrum, for both the case where
polivene is included and when it is not. The χ2 per degree of
freedom is improved in our model when polivene is included,
but only from a value of 1.60 to 1.48, which is not considered
particularly significant. When allowing polivene, the model’s
cool dust component is dominated by emission from small-
sized polivene grains. Best fit model parameters are listed in
Table 3.
4.2. Polivene in Protoplanetary Disks
With the strong evidence for polivene in the ISM, and since
dust in the ISM makes up the seed material for protoplan-
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Figure 6. Model fit of optical depth toward ζ Oph, fitting only the silicate feature near 10µm. The solid line is the total of the individual components shown at
the bottom. The left fit includes small and large polivene grain opacities as components, which are disallowed in the right model fit. The silicate components are
listed in Table 1. The χ2 per degree of freedom for the fit shown in the continuum-subtracted plots on left and right are 1.7 and 3.1, respectively.
etary disks, it is important to include polivene in studies of
protoplanetary disks. Given the evidence for polivene in the
ISM, we investigate the disks in the Taurus-Auriga molecu-
lar cloud, a well-studied region of star formation. The dust
in the protoplanetary disks of Taurus has been characterized
by several studies (e.g. Furlan et al. 2006, 2009, 2011; Wat-
son et al. 2009; Sargent et al. 2006, 2009a). Sargent et al.
(2009a) identifies several “amorphous silicate exemplars” in
Taurus, which are protoplanetary disks whose infrared spec-
tra show only the very smooth and broad features indicative
of amorphous silicate dust. Our two-temperature model char-
acterizes the dust in five of these amorphous silicate exem-
plars. As shown in Table 2, fits to the infrared spectrum of
these amorphous exemplars are not significantly improved by
adding polivene opacities as a component in the model. Most
of these fits were only improved so slightly that the χ2 per
degree of freedom decreased by 0.01-0.05. The exception to
this was LkCa 15, as the fit improved in reduced χ2 by 0.31.
However, this is mostly due to the poor general fit to the spec-
trum in both cases at longer wavelengths, for which the model
also adds a sizable forsterite component that has been deemed
an artifact (see Sargent et al. 2009a). In addition, the model
results had very small, if any, polivene masses in their very
slightly improved best fits. Taurus protoplanetary disk spectra
Table 2
Modelled Fit χ2 per d.o.f. for disks in Taurus
Name Without Polivene With Polivene
CoKu Tau 4 2.42 2.37
DM Tau 4.82 4.81
FM Tau 2.43 2.40
GM Aur 5.04 5.03
LkCa15 7.78 7.47
show no strong evidence for non-stoichiometric amorphous
dust emission.
5. DISCUSSION
Modelling the dust composition of the ISM and protoplan-
etary disks using opacities for amorphous dust of intermedi-
ate stoichiometry between that of olivine and pyroxene (“po-
livene”) gives new insight into dust formation and processing
in astrophysical contexts. Using opacities of various silicate
dust species, we have modelled the optical depth of the inter-
vening ISM material along lines of sight toward Cyg OB2
No. 12 and ζ Oph. With this model, we find strong evi-
dence for a population of interstellar polivene. This suggests
an efficient mechanism for producing sub-micron sized po-
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Figure 7. Model fit of optical depth toward ζ Oph, fit from 8-30µm. The solid line is the total of the individual components shown at the bottom. The top fit
includes small and large polivene grain opacities as components, which are disallowed in the bottom model fit. The silicate components are listed in Table 1. The
χ2 per degree of freedom for the fit shown in the continuum-subtracted plots on top and bottom are 2.8 and 3.6, respectively.
livene dust grains, presumably from red giant branch stars
(RGB) and asymptotic giant branch (AGB) stars. More work
is needed to determine if polivene is ubiquitous in the ISM or
if it is found only in certain regions. Evidence for polivene
in the ISM is consistent with meteoritic evidence of non-
stoichiometric amorphous compositions found in pre-solar
grains. In the formation of the solar system, these preso-
lar grains were protected inside meteorites and remained rel-
atively unprocessed throughout the last 4.567 Gyr. These
non-stoichiometric amorphous grains found in primitive me-
teorites represent interstellar dust that populated a molecular
cloud from which the solar system formed. Our model’s result
of interstellar dust toward Cyg OB2 No. 12 and ζ Oph sup-
ports the hypothesis based on meteoritic evidence that non-
stoichiometric amorphous silicate dust is present in the diffuse
ISM.
The best fits to the modelled optical depth toward Cyg OB2
No. 12 and ζ Oph exhibit general agreement that the dust
in the ISM responsible for the broad absorption features is
mostly amorphous, small silicate grains. The best fits include
only amorphous dust as components. The strength of the large
amorphous grain components in our model are much weaker
than the dominating features from smaller (submicron) grains.
The small amorphous silicates used in our modelling have
equal Fe and Mg content, with the exception of polivene,
which includes no Fe. The ISM toward ζ Oph is also found
to consist of small amorphous silicates with Fe/Mg ratios . 1
by Poteet et al. (2015), who use amorphous silicates of olivine
and pyroxene stoichiometry with varying Fe/Mg ratios in their
modelling and find a lack of the most Fe-rich silicates in their
best fits. However, as noted by Sargent et al. (2009a) and Po-
teet et al. (2015), there exists significant degeneracy between
Fe-rich and Fe-poor silicates in these models. This degener-
acy inhibits the ability these models to draw conclusions about
the Fe content of interstellar silicate dust. When polivene is
not included in our models, small amorphous grains of olivine
stoichiometry dominate the composition of the ISM toward ζ
Oph, rather than pyroxene-like grains. However, we note that
Sargent et al. (2009a) shows significant degeneracy between
amorphous grains of olivine and pyroxene compositions. Po-
teet et al. (2015) models the IRS spectrum of ζ Oph and also
finds that amorphous grains of principally olivine-like compo-
sition provide the best model fit to the spectrum. Just as in our
best fit of the ISM toward ζ Oph without including polivene,
the model fit in Poteet et al. (2015) has a slightly broader peak
near 9.7µm that is shifted to a slightly longer wavelength than
that of the data. The addition of amorphous silicate grains of
intermediate stoichiometry adds a component to these inter-
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Figure 8. Model fit of silicate emission from the Trapezium. The solid line is the total of the individual components shown at the bottom. The left fit includes
small and large polivene grain opacities as components, which are disallowed in the right model fit. The color indicates components at either the warm (blue)
or cool (red) temperature in this model. Simple blackbodies represented by Planck functions at each of the two temperatures are included as well as warm and
cool emission from the dust species listed in the previous figure. The χ2 per degree of freedom for the fit shown in the plots on left and right are 1.48 and 1.60,
respectively.
stellar dust models that improves fits to the prominent 9.7µm
feature.
Protoplanetary disks, which form inside molecular clouds
of gas and dust, represent another stage of dust processing in
the journey toward planet formation. If polivene is present
in the diffuse ISM, then we expect that the molecular clouds
from which protoplanetary disks form also harbor polivene.
However, our modelling of amorphous silicate exemplar disks
in Taurus lack any significant evidence of polivene. One pos-
sible explanation for this discrepancy would be significant
non-uniformity of polivene populations in the ISM. This ex-
planation would mean that the Taurus-Auriga molecular cloud
formed from interstellar material that was much less rich in
polivene than along a sightline toward Cyg OB2 No. 12 and ζ
Oph. Additional studies would be required to determine pos-
sible polivene presence along lines of sight other than toward
Cyg OB2 No. 12 and ζ Oph. Evidence of this significant non-
uniformity would suggest dust production methods that lead
to regions of high and low concentrations of polivene in the
interstellar medium.
Our results for disks in Taurus also differ from recent re-
sults regarding protoplanetary dust in the disks of the ONC
and L1641. Work by Koch et al. (2016, in prep) finds that in-
cluding polivene in models of disk emission significantly im-
proves fits to the infrared spectra of protoplanetary disks in the
ONC and L1641. Koch et al. finds 57 of 76 disks showed ev-
idence for polivene in the ONC, and 53 of 72 in L1641. This
would be further demonstration of potential non-uniformity
in polivene distribution. Dust grain processing could also ac-
count for the evidence of polivene in Orion disks and lack of
polivene emission in the disks of the Taurus-Auriga molecu-
lar cloud complex. Hertzsprung-Russell diagrams show that
T-Tauri stars in Taurus are significantly older than those in
Orion (Kenyon & Hartmann 1995, Hillenbrand 1997, Luh-
man et al. 2009, Da Rio et al. 2010). Comparison to models
(e.g. Siess et al. 2000) indicates a median age difference of∼1
Myr. Since the lifetimes of Class II objects are likely underes-
timated (Bell et al. 2013), this median age difference may be
even larger. If the polivene grains present in the ISM undergo
processing to produce amorphous grains of olivine and pyrox-
ene stoichiometry, that processing could explain the lack of
polivene in the older, more processed Taurus disks. Accord-
ing to this hypothesis, protoplanetary disks in the youngest
nearby regions such as NGC 1333, Serpens, and the core of
ρ Ophiuchus should be more likely to exhibit evidence for
polivene than the disks in older, more processed regions like
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Table 3
Modelled Fit χ2 per d.o.f. for various sightlines
Object Name Polivene in model? SmPoli LgPoli SmOl LgOl SmPy LgPy enst forst silica χ2/d.o.f.
Cyg OB2 No. 12 Yes 74.4 0 20.3 0 5.3 0 0 0 0 2.8
Cyg OB2 No. 12 No - - 66 0 34 0 0 0 0 5.3
ζ Oph Yes 90.7 0 0 0 9.3 0 0 0 0 2.8
ζ Oph No - - 63.2 0 36.8 0 0 0 0 3.6
Trapezium Yes 0-66 0 63-34 0 18-0 0 0 0 20-0 1.5
Trapezium No - - 51-95 0 41-0 0 0 0 8-5 1.6
Note. — Best model fit parameters for sightlines toward Cyg OB2 No. 12, ζ Oph, and the Trapezium. Each dust parameter (see Table 1 for
abbreviations and details) is listed as a mass percentage, excluding continuum emission. The values listed here are for the model fits spanning a
wavelength range from 8-30µm. In the case of the Trapezium, the two values listed for each dust type correspond to the mass percentages of the
modelled warm and cool regions, respectively.
Scorpius-Centaurus, Chamaeleon, or the off-core region of ρ
Ophiuchus.
Future studies could test these hypotheses, filling in our
understanding of key phases of dust evolution. The Spitzer
mission obtained spectra for circa 2000 nearby protoplane-
tary disks. Further analysis of the dust composition within
these disks and how the compositions correspond to age, lo-
cale, etc. could test our understanding of dust processing
and non-uniformity. Studying details of dust composition in
these key phases informs our understanding of dust grains’
long journey, from the production mechanisms in AGB and
RGB winds, travelling through the diffuse ISM, gathering into
molecular clouds and collapsing into the protoplanetary disks
where they are processed and coalesce to finally form planets.
6. CONCLUSIONS
We analyzed the composition of interstellar dust along lines
of sight toward Cyg OB2 No. 12 and ζ Oph. First, the optical
depth toward these objects was estimated using the infrared
spectrum, photometry and stellar atmosphere models. Mod-
elling the optical depth toward Cyg OB2 No. 12 and ζ Oph at
infrared wavelengths as a sum of silicate opacities and a con-
tinuum, we find that the optical depth of extinguishing ma-
terial toward the object Cyg OB2 No. 12 and ζ Oph exhibit
strong features indicative of amorphous silicate dust with in-
termediate stoichiometry between olivine and pyroxene. We
conclude that a significant “polivene” dust population exists
in the diffuse interstellar medium toward Cyg OB2 No. 12
and ζ Oph.
The infrared spectrum of the Trapezium was modelled as
a combination of a cool and a warm component of thermal
emission from simple blackbodies and silicate dust species.
The best model fit to the Trapezium spectrum is only slightly
improved by the inclusion of polivene. We conclude that our
model shows the Trapezium spectrum to be consistent with an
interstellar polivene dust population.
The dust compositions of five protoplanetary disks in Tau-
rus whose infrared spectra are dominated by amorphous sil-
icates were investigated. We studied these spectra by mod-
elling the disk emission as a warm inner region and a cooler
outer region. In each region a simple blackbody contribution
was added to the emission from each of the nine dust species,
and the model found a best fit to the infrared spectrum using
these components. Our study found no significant evidence
for polivene dust grains in the emission features of these disks
of Taurus. We conclude that the dust in Taurus must have ei-
ther coalesced from a region of the ISM that was significantly
less rich in polivene than along the sight lines toward Cyg
OB2 No. 12 and ζ Oph, or that it has been largely processed
away in the somewhat older Taurus disks.
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Laboratory, California Institute of Technology under a con-
tract with the National Aeronautics and Space Administra-
tion. This work was supported by NASA under grant num-
ber NNX11AD27G. BAS acknowledges funding from NASA
ADAP grants NNX13AD54G and NNX15AF15G.
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